Rat skeletal-muscle hexokinase was partially purified by ammonium sulphate fractionation and gel filtration. The mechanism of the skeletal-muscle hexokinase was studied kinetically by initial-velocity analysis and product inhibition. Glucose 6-phosphate was a non-competitive inhibitor of glucose and ATP. ADP was a non-competitive inhibitor of glucose and a competitive inhibitor of ATP. The data on product inhibition and initial-velocity analysis of skeletal-muscle hexokinase support an ordered sequential mechanism (ordered Bi Bi) where the addition of substrates and release of products is in the order: ATP, glucose, glucose 6-phosphate and ADP.
Though this reaction is the same for hexokinase whatever its source, different hexokinases may show marked differences in a number of properties. Animal hexokinases generally are markedly inhibited by low concentrations of glucose 6-phosphate (Crane & Sols, 1954; Fromm & Zewe, 1962a) whereas yeast hexokinase (Colowick & Kalckar, 1943; Weil-Malherbe & Bone, 1951) and hepatic glucokinase (Salas, Salas, Viniuela & Sols, 1965) are not. Likewise, different hexokinases are inhibited to different degrees by ADP. With brain hexokinase ADP is a non-competitive inhibitor with respect to ATP but uncompetitive with respect to glucose (Fromm & Zewe, 1962a) . Liver glucokinase (ATP-D-glucose 6-phosphotransferase; EC 2.7.1.2) is inhibited non-competitively by ADP with respect to glucose and ATP (Salas et al. 1965 ).
Differences in the mechanisms of the reactions of hexokinase of different origins would account for these variable inhibitory effects.
The mechanism of the hexokinase reaction has been recently studied in yeast and in brain. On the basis of kinetic studies and isotope-exchange rates at equilibrium, yeast hexokinase was postulated to have a rapid-equilibrium random type mechanism (Fromm & Zewe, 1962b; Fromm, Silverstein & Boyer, 1964) . However, from kinetic studies and an examination of product inhibition, Hammes & Kochavi (1962a,b) postulated an ordered sequential type mechanism for the yeast enzyme. From kinetic studies and productinhibition data Fromm & Zewe (1962a) postulated an ordered mechanism for brain hexokinase, in which the first product leaves the enzyme before the addition of the second substrate. Some work on muscle hexokinase has appeared (Kerly & Leaback, 1957; Slein, Cori & Cori, 1950; Liebecq, 1953) , but no definitive study has been undertaken to determine the mechanism of the hexokinase reaction in muscle. The present paper reports a study of the kinetic properties of skeletalmuscle hexokinase. Analysis of initial velocity and studies of product inhibition have been made. The data presented for skeletal-muscle hexokinase support an ordered sequential type mechanism. In the glucose 6-phosphate-dehydrogenase-coupled system all reaction vessels contained, in a total volume of 3ml., tris-HCl buffer, pH8 (0-08M), NADP+ (0-13mm) and excess of glucose 6-phosphate dehydrogenase; MgCl2, ATP, D-glucose and ADP were added at the times shown in the Results section.
EXPERIMENTAL
In the experiments on glucose 6-phosphate inhibition all reaction vessels contained, in a total volume of 3ml., lactate dehydrogenase and pyruvate kinase both in excess, NADH (0-084mM), phosphoenolpyruvic acid (5mM) and tris-HCl buffer, pH8 (0-08M); MgCl2, ATP, D-glucose and glucose 6-phosphate were added at the times shown in the Results section. Initial velocity is expressed as change in E340mgImin. Many of the experiments were done in triplicate. The standard errors of the mean are indicated by vertical bars in the graphs.
RESULTS
Initial-velocity analysis. In Figs. 1 and 2 are shown the results for the kinetics of the hexokinase reaction. In the experiment shown in Fig. 1 the concentration of glucose was varied at different fixed concentrations of ATP. In the experiment shown in Fig. 2 centrations of glucose as substrate, glucose 6-phosphate is a non-competitive inhibitor (Fig. 6) . Replots of slopes and intercepts from Fig. 6 against glucose 6-phosphate concentration show that the increase in the degree of inhibition with increasing glucose 6-phosphate concentration is linear (Fig. 8) .
When studies were made in which the concentration of ATP was varied, inhibition by glucose 6-phosphate was shown to be non-competitive with respect to ATP (Fig. 7) , and a replot of slopes and intercepts likewise is linear (Fig. 9) . 31.
[Glucose 6-phosphate] (,tM) With ATP as the variable substrate, ADP is a competitive inhibitor (Fig. 12) . The graph obtained by replots of slopes versus ADP concentration is linear (Fig. 13) . The Ks(510p.) (Cleland, 1963b) for ADP calculated from Fig. 10 is 0-8mkr. When glucose was the variable substrate and the concentration of ATP was held constant at 4mM, ADP was not inhibitory even at a concentration of 1 5mm (Fig. 10) of the fixed substrate, ATP, is lowered to 1 mm then ADP is a non-competitive inhibitor with respect to glucose (Fig. 11) .
DISCUSSION
The simplest mechanism compatible with the initial-velocity analysis and the data on product inhibition is an ordered Bi Bi mechanism (Cleland, 1963a) (Fig. 11) . The inhibition by ADP is overcome when the concentration of the fixed substrate, ATP, is increased to 4mM (Fig. 10) . Eqn. (6) predicts linear competitive inhibition by ADP when ATP is the variable substrate. This is in agreement with the data for muscle hexokinase (Figs. 12 and 13 ). Eqn. (7) (Cleland, 1963a Another mechanism that has a rate equation indistinguishable from eqn. (4) is an iso-TheorellChance mechanism (eqn. 9), where the order of addition of reactants is reversed and B and P react with different forms of free enzyme.
There is no way to distinguish this mechanism from an ordered Bi Bi mechanism by initial-velocity analysis or product inhibition. However, this mechanism is improbable because mechanisms without central complexes are unlikely to occur (Wratten & Cleland, 1963 ). The most probable mechanism then for skeletalmuscle hexokinase is an ordered Bi Bi mechanism.
Whether the complex EGp isomerizes to EcG6P ATP ismeiest before the release of products cannot be determined on the basis of the data reported above. However, this type of isomerization has been indicated in glutamate dehydrogenase (Frieden, 1959) , lactate dehydrogenase (Novoa, Winer, Glaid & Schwert, 1959) and alcohol dehydrogenase (Wratten & Cleland, 1963) .
Since the completion of this work another study of the kinetics of muscle hexokinase has been reported by Hanson & Fromm (1965) . Though some of their results are qualitatively similar to those reported above, there are some major differences between their initial-velocity experiments and those in the present paper. Hanson & Fromm (1965) observed a parallel pattern in the doublereciprocal plots of the initial-velocity experiments, suggesting the absence of the KtAKB terms in eqn.
(2). These findings are markedly different from the results described above (Figs. 1-5) , which confirm the presence of the constant term KAKB in eqn. (2).
Although Hanson & Fromm (1965) 
